The paradigm of Laplacean determinism combines three regulative principles: determinism, predictability, and the explanatory adequacy of universal laws together with purely local conditions. Historically, it applied to celestial mechanics, but it has been expanded into an ideal for scientific theories whose cogency is often not questioned. Laplace's demon is an idealization of mechanistic scientific method. Its principles together assumes imply reducibility, and rule out holism and emergence. I will argue that Laplacean determinism fails even in the realm of planetary dynamics, and that it does not give suitable criteria for explanatory success except within very well defined and rather exceptional domains. Ironically, the very successes of Laplacean method in the Solar System were made possible only by processes that are not themselves tractable to Laplacean methodology. The results of some of these processes were first observed in 1964, but despite the falsification of Laplacean methodology, the explanatory resources of holism and emergence remain in scientific limbo.
Introduction
Pierre-Simon Laplace is famous for his statement of determinism, sometimes dubbed the Laplace demon thought experiment:
An intellect which at any given moment knew all the forces that animate Nature and the mutual positions of the beings that comprise it, if this intellect were vast enough to submit its data to analysis, could condense into a single formula the movement of the greatest bodies of the universe and that of the lightest atom: for such an intellect nothing could be uncertain; and the future just like the past would be present before its eyes. (Laplace 1951 ) Words similar to this passage appear throughout Laplace's work, and first appear in 1773, when he was 24 (Laplace group 1997) 1 . One has to assume that he took them quite seriously. Laplace's demon is not merely a thought experiment to define determinism, nor is it merely an idealization; it embodies the assumptions that were central to Laplace's own methodology, as he used it and applied it. Laplace's methodology has strongly influenced not only celestial mechanics, but also physics in general, and scientific methodology more broadly. In fact, Laplace is primarily responsible for what we usually call the Newtonian world view.
The methodology certainly has its roots in Newtonian physics and the work of Newton's mechanistic precursors, but until Laplace it was based in a world view that assumed that the world was made of minute particles that collide mechanically, the results producing all of the effects that we observe. Laplace's innovation was to accept the possibility of force fields acting at a distance, and to find a way to incorporate these fields into a mechanical world view. Laplace's approach separated mechanism from atomism, and allowed the mechanistic methodology of reducing systems to the effects of their components and their interactions to be extended to continuous phenomena. Although Laplace himself was not very successful in applying his ideas to processes like heat transfer, his methods were eventually applied to thermodynamics and electromagnetics in the 19 th Century, and with less mathematical precision, but similar basic assumptions, to a wide range of biological, psychological and social phenomena through the 19 th and 20 th Centuries. Examples are neo-Darwinian evolutionary theory, classical economics, scientific behaviorism, and liberal social theory. The basic model, in one form or another, is that of generalized and often abstract forces such as selection, competition, reinforcement and self-interest locally affecting flows of genes, money, behavior and communication to produce detectable and predictable regularities. This mechanistic methodology probably reached its zenith in the late 19 th Century, when it was widely believed that the main principles of the physical world were known, and that all that was left to be done was to work out the details. Laplace's own work, however, is the epitome of exact method applied to complex problems. Even though the subsequent development of Quantum Mechanics and Chaos Theory has undermined some of Laplace's presuppositions, his approach, modified to more fully accommodate statistical methods, remains the ideal for scientific explanation even today.
More recently, Quantum Mechanics, the rise of General Systems Theory and the discovery of deterministic chaos, have led to increasingly strong calls for the replacement of the central assumptions of mechanistic methodology. Similar appeals have come from scientists and philosophers who find the mechanistic paradigm to be too restrictive for the biological and social sciences. The past success of Laplacean methodology, however, is alluring, and the majority of scientists have been quite understandably reluctant to surrender the assumptions that have produced such explanatory successes.
I will argue, however, that Laplace's genius in solving problems was matched by his brilliance in selecting problems that are tractable to his methodology, and that much of the success, though hardly illusory, is the success that comes from looking only where the light of the methodology shines brightly. Surprisingly nearby, in aspects of the very problems that Laplace addressed, there lie problems of equal merit that are intractable to Laplacean methods. The reason for this is that certain central assumptions of Laplacean methodology are false. My hope is that by showing this for the very domain in which these assumptions have proven so successful, greater weight can be given to the calls for the replacement of these assumptions and the methodology that depends on them. acceptable scientific inquiry. Many scientists, when these assumptions are challenged, react indignantly, and often presume that the challenger does not really understand science. I have seen this reaction even from experienced systems theorists like Howard Pattee.
The assumptions are: 1. Determinism No two possible trajectories in the phase space of a system can share a point in phase space.
Predictability
For any property of a system, the values of that property can in principle be predicted with arbitrary accuracy for an arbitrarily long time.
Locality
All dynamical properties of a system are fully specified by universal natural laws and parameters defined with convergent accuracy on arbitrarily small spatiotemporal regions. These assumptions are so entrenched in our contemporary scientific methods, and their explanatory power is so great, that any violation of them, even if required for the best empirical reasons, looks peculiar and even mysterious. Together, the assumptions underpin various aspects of the reductive methodology that still serves as the default view for which no special argument is required. One or more of the assumptions must be violated in order to justify calls for consideration of emergent phenomena, objective chance and holistic entities as explanatorily satisfactory, rather than as poorly prepared stand-ins for our ignorance of the real causes. Even where there is ample reason to think that these assumptions are violated, as in Quantum phenomena, the hold of the Laplacean assumptions is so great that no explanation is often preferred to one that requires entities whose grounding is in the violation of the Laplacean assumptions. For example, David Bohm's (1980, Bohm and Hiley 1993) calls for nonlocal, holistic and emergent entities to help explain Quantum Mechanics are widely met with scepticism because there is presumably no direct evidence for such entities, and the methodological tradition calls for scepticism about the existence of such entities. There is no similar scepticism about the existence of the fundamental explanatory particles and forces that are required by mechanism. The search for these occupies much of contemporary basic physics, while holistic research programs languish on the periphery, perhaps even outside, relegated to hopeless mysticism. Nonetheless, if the Laplacean assumptions can be shown to be dubious even in the domain that gave rise to them, perhaps some of that doubt can be transferred to our view of what constitutes a satisfactory explanation.
The exact meaning of Laplace's demon statement is a bit ambiguous. He might have meant that a demon of vast intellect, using a single equation, could predict the evolution of the universe from the parameters across all space at a given instant, but that nothing lesser could approach this. This would be sufficient for metaphysical determinism, which is the idea that if two possible worlds are the same at one time, then they must be the same at all times (Montague 1974) . Certainly Laplace's demon implies at least this much. There is good reason, though, to think that Laplace meant the demon to be interpreted both more realistically and more broadly.
While it is clear that no human could emulate the demon's omniscience, even for an instant, nor contain its calculating powers, Laplace, in his Celestial Mechanics, followed his demon statement with the claim, "The human mind offers in the perfection which it has been able to give to astronomy, a modest example of such an intelligence." Laplace's demon, then, is intended to be an extension of human abilities to unlimited observational and computing power. The predictive capacities of the demon are also reproduced on a smaller scale to an accuracy constrained by the more limited powers of human observation and the human capacity of calculation, but these powers, in the limit, approach those of the demon. Laplace's demon, then, is intended to be an illustration of the imaginary limits of Laplace's own powers of scientific investigation.
The locality assumption underlies the method of isolating domains for analysis. Although it is in principle possible that the demon's universal equation involves irreducibly nonlocal factors, and that it cannot be composed of principles that apply only locally, it is clear that Laplace thought that this was not the case. He wrote, in 1804:
... I have sought to establish that the phenomena of nature can be reduced in the last analysis to actions at a distance between molecule and molecule, and that the consideration of these actions must serve as the basis of the mathematical theory of these phenomena. (Quoted in O'Connor and Robertson 1999) In other words, all forces are generated by pairwise interactions whose effect is generated at a distance, but acts locally on individual molecules. Furthermore, these forces originate in a set of laws that apply universally to all things:
[A]ll events, even those which on account of their insignificance do not seem to follow the great laws of nature, are a result of it just as necessarily as the revolutions of the sun. (Laplace 1951) The last statement precedes a version of the demon statement. Predictability appears to follow from the determinacy of the laws and the possibility of combining their pairwise effects. The locality of assumption 3 results from the deterministic constraints of the laws on the forces that act locally on each particle in virtue of the particular values for force generation and the particles' locations and velocities with respect to each other, the paradigm being Newtonian gravitation. Note that the data are not fully local, but the action is local. This has an interesting consequence:
[the system] "is disturbed by various causes that can be ascertained by careful analysis but which are impossible to frame within a calculation." (Laplace 1884, VII, 121) In other words, it is possible that one can ascertain the effects of a cause whose conditions are not a part of the system being examined. This means that in the analysis of any particular system, there can be effects that involve local forces, but whose cause is not within the system being analyzed. From the perspective of the specific calculation, these effects are not predictable. This does not violate the principles of determinism, predictability and locality, since the unpredictability is conditional on the unobserved nature of the cause. The very limitations of the Laplacean method, and what is needed to overcome these limitations, in this case more extensive observations, are given by the difference between the actual practice of the scientist and the idealization of the demon.
The three assumptions underlying Laplacean determinism lead directly to some of the widespread assumptions of reductionist scientific method. First, if all of the causes of a system's behavior are due to the actions of its parts, and external forces can be assumed to be insignificant, then the resulting behavior will be determined entirely by the independent pairwise interactions of the parts. Predictability assures us that we can predict this behavior from knowledge of the interactions of the parts. This implies that the system behavior is reducible to the effects of the pairwise interactions of the parts, and that we need to know only the laws and the physical parameters of the parts in order to predict the system behavior. This reducibility rules out emergent behavior, except in the most trivial sense of these word.
Given knowledge of the dynamics of the parts, one can, on Laplace's view, compute the dynamics of the whole, therefore the behavior of the whole system is explicable entirely and precisely in terms of the physical interactions of the parts. Furthermore, we can mathematically isolate the contributions of the parts in order to predict how changes in the dynamics of the parts will affect the dynamics of the whole. This is just the decomposability that is a presupposition of almost all contemporary scientific analysis and investigation. It is diametrically opposed to holism, which holds that the movements of the parts can be understood only in terms of the whole system, and that consideration of the dynamics of the parts in isolation will give false predictions of what changes in their dynamics will do to the whole. The Laplacean paradigm rules out holism.
Lastly, although nonlocal influences are acceptable on the Laplacean paradigm, the effects of these influences are entirely local. This is quite unlike the nonlocality proposed in the Bohmian view of Quantum Mechanics, or in the nonlocality proposed by various systems theorists, in which the effects involve nonlocal constraints or forces. This sort of nonlocality proposes that forces act nonlocally, or holistically. On the Laplacean view, even in the case of action at a distance, the action is local in the sense that all effects are local. A local effect can be attributed to some nonlocal cause, but the action of that cause must be reducible to local potentials. One of Laplace's great innovations was the full mathematical regularization of the notion of a potential. Even at that, action at a distance is troublesome, and was later purged from classical mechanics by reifying local potentials. This reification received strong empirical support through the theories of relativity.
In summary, then, the Laplacean paradigm rules out emergence, holism and nonlocal action. At best any urge to invoke these notions is a result of ignorance, and at worst it is an appeal to mysticism. And so things remain pretty much today, even though the basis of Laplacean determinism is no longer solid. For convenience, I will call physical systems that are tractable to exact analysis by Laplacean techniques diagnosable. A system is diagnosable if its dynamics can in principle be inferred from system behaviour to an arbitrarily high degree of precision with an arbitrarily large amount of data of arbitrarily high precision. The limit of this notion is given by the capabilities of Laplace's demon. I will now turn to how Laplace used this notion in his analysis of celestial motions.
The Laplacean paradigm: application of the theory in its original domain
Laplace used highly abstract mathematical methods to solve many problems, including the stability and relative periods of Jupiter's three inner moons, and the stability, barring outside influences, of planetary motions over long periods of time in the past and future. In the case of Jupiter's moons and the stability of Saturn's rings, he ignored the effects of other bodies. In some of his earlier studies, Laplace considered the possibility that comets or other external forces were the cause of observed perturbations, and even considered the possibility that gravity propagated at finite speed, but eventually he was able to resolve all of the main observed anomalies by considering the solar system as a closed system interacting by gravity alone. Some later work used tidal dissipation to explain how the solar system got to its stable state.
Celestial mechanics from Newton to the 19 th century is characterized by the application of highly abstract but still approximate mathematical methods to systems that were treated as isolated, supplemented by increasingly precise empirical observation. Isolation was justified by Laplacean locality and the negligibility of known distant effects, whereas approximate methods were justified by the assumption of convergence of approximations. In particular, higher order factors were ignored if the results were within the range of observational error. Ultimately, though, the methodological assumptions were justified by the results. Some notable predictions were made, such as the return of Halley's comet and the orbit of Uranus.
There were major explanatory successes as well. We know that the Moon always faces the Earth (except for a slight libration due to the gravity of the Sun that allows us to see a small proportion of the opposing face in certain phases). Laplace thought that this stability was purely gravitational, but we now know that tidal forces keep the Moon's face in its place: If the Moon were to speed up, its tidal bulges would create an additional gravitational force that would slow it down; contrariwise if it were to slow down. Tidal forces damp any deviation so that they do not remain and potentially increase in size or complexity with subsequent deviations. We do not know the origin of the Moon, but it seems likely that if it were to come within the Earth's gravitational sphere (below escape velocity) that tidal and gravitational forces would gradually bring its orbit into close alignment with the ecliptic, and its rotation into a 1:1 ratio with its revolution. This is a stable condition (ignoring very slow dissipation by heat of tidal forces) that forms a stable harmonic attractor in the Earth, Moon, Sun phase space. We might think that this explains the fact that the Moon always faces the Earth, and this was in fact taken to be a sufficient explanation until recently.
Laplace also worked out that the three inner moons of Jupiter are in a gravitationally stable relation such that the mean motion of the first is twice that of the second, and the third twice that of the second, as had been shown approximately by previously kept tables. If this relation held exactly, the moons would never be in eclipse at the same time. There is now very good evidence for this, but it was not conclusive in Laplace's time, and observational tables suggested that it was only approximately true. Laplace was able to show that it was more likely that the tables were in error than that the relation did not hold strictly. Thus the tables needed slight correction. Furthermore, if the satellites had started out merely close to these ratios, they would have fallen into the predicted ratios by mutual gravitational attraction. The results are stable over centuries. Later, Laplace was able to bring in the fourth moon, whose movements had seemed anomalous, by correcting for each factor of its orbit in turn. This and related calculations constituted a tour de force of the classical method. Nonetheless, it required that the moons started at least near the right conditions Comets presented a special problem. Their orbits were so close to parabolic that it seemed that they might not be residents of the solar system at all. Halley's comet is an exception, as are a number of others, but the orbits of some comets suggested that they were visitors to the Solar System, and that it was not closed after all. The problem of how the Solar System was formed and got to its present nearly stable state, however, is an issue of some importance to astronomy that even now remains unsolved. Notably, Laplace was an early supporter of the nebular hypothesis of the origin of the Solar System, and probably came upon the idea independently, although Kant and Swedenborg, among others, had suggested the hypothesis earlier. Despite Laplace's acceptance of the nebular hypothesis, he was not able to show how the Solar System could evolve from a nebula to its current condition of comparative regularity. In particular, though he was able account for present stability and resonances, he was not able to explain how these stabilities came about. Laplace did not ignore the problems he could not solve, but he thought that they would ultimately be tractable by the same methods that had been successful in the past.
Laplace and his disciples made large numbers of simplifying assumptions, focusing on particular aspects of problems rather than any attempting to produce a complete mechanics of the solar system. Nonetheless, Laplace was convinced with a dogmatic faith that the natural world was fully diagnosable. His faith was confirmed by his successes with isolated systems within (and beyond) the contemporary limits of accuracy in observation. He extended this dogma to attempts to analyze caloric, and was successful in deriving Boyle's law, but not successful overall in this attempt. Even his contemporaries, however, came to realize that he did not really live up to his dogma (Gillespie 1997, Conclusion) . Nonetheless, his method of modeling systems as if they were isolated, and treating nature in its parts survived, and is perhaps his greatest contribution to science.
Where the Laplacean paradigm fails in its original domain
We now know that Laplace's method of solving equations by assuming an isolated system up to the point of observational error and then solving the resulting equations by ingenious analytical transformations or convergent series has well defined limits. While it works for planetary mechanics of the large-scale bodies of Solar System over periods of millions of years, it cannot be extended to work for billions of years. For smaller bodies like comets and asteroids, Laplace's techniques reach their limits over much shorter times. Phillip Morrison calls the question of the stability of the Solar System the "Poincaré shuffle". We cannot project the equations of motion for the planets and their moons arbitrarily far into the past or future. The problem of the stability of the Solar System, as Poincaré showed, is not solvable, not merely intractable in practice. I now turn to some specific non-Laplacean aspects of the Solar System.
The formation and evolution of the Solar System presents a rich source of non-diagnosable problems. Before1965, astronomers believed that, like the Moon, Mercury's rotation matched its orbital period of 88 days (synchronous rotation). This belief was reinforced by the chance coincidence of six 58.65-day rotation periods (352 days) closely matching the synodic period of Mercury's maximum elongation (350 days). Therefore, observers saw the same features at every opportunity for several years in a row. However, in 1965, G. Pettengill and R. Byce bounced radar signals off the planet using the 300-meter Arecibo Radio Observatory in Puerto Rico and discovered a rotation rate of 59 days, proving that Mercury was actually in a 3:2 resonance such that Mercury's day is exactly 2/3 of its 88-day year. Recall that Laplace thought that the regularity of the Moon was due to gravitational influences alone, but later evidence showed that the tides induced by the Sun and the Earth created an attractor such that if the Moon were to speed up, the gravitational force on its tidal bulge would slow it down, and vice versa, so that the Moon's rotational period is in an energy minimum. The same was explanation was offered for Mercury being in synchronous rotation with respect to the Sun. This surprising result required explanation. It turns out that there relative energy minima at 1:1, 3:2, 5:2 and so on. Once in one of these local minima, it is unlikely that Mercury could get into one of the other minima, since local forces would keep it into the local minimum in which it has been captured.
The dynamics of this situation require examining the phase space for the Mercury-Sun subsystem. If we don't assume initial conditions, the phase space gives a 1/3 chance of capture of Mercury in the 3:2 ratio, and 1/2 for the 1:1 ratio, with the other ratios taking up the rest of the chances. If we examine the phase space more closely, we find that for initial conditions near the even ratios, capture in the respective ratio is very likely, but the system overall is chaotic, and in other regions infinitesimal differences in initial conditions can lead to another ratio. Specifically, in the phase space of the system, the attractor basins for the different ratios intermingle in certain regions so that for each two points in one basin, there is at least one point between them that is in another basin. (Compare this to Laplace's assumption that the three inner moons of Jupiter must have started near their present ratios.) Given these circumstances, the rotational to revolution ratio of Mercury cannot be predicted from some initial conditions in the chaotic zone, though it can be determined a posteriori. Note also that retrodiction of the past circumstances of Mercury may be blocked as well. Even the past history of the Earth's moon is in doubt. There are other interesting examples of resonances in the Solar System that permit other values.
Chaotic regions in planetary dynamics can be exploited for celestial navigation. Several years ago, a Japanese artificial satellite was supposed to orbit the Earth, and then be sent on to the Moon. An accident or miscalculation left it with too little fuel for a conventional orbit to the Moon. NASA scientists calculated that the satellite passed through a chaotic region in the Earth-Moon-Sun system in which Lunar and Earth orbits for the satellite were arbitrarily close. In this region itself, it would be impossible to calculate precisely how to shift the trajectory of the satellite into a Lunar orbit, but in the region near this boundary, a Lunar orbit could be calculated, and with a small application of thrust in the appropriate direction, the satellite could be shifted from an Earth orbit to a Lunar orbit with high probability. This maneuver was carried out successfully. The resulting orbit was much longer than a conventional lunar approach, but it did work over time.
These examples show the ubiquity of multiple attractors even in the paradigm of predictable regularity, the Solar System. Note that the multiple attractors do not need to be the strange attractors that have obtained so much publicity recently. All of the attractors discussed above are harmonic.
Implications for methodology and explanatory adequacy
There are several things to examine in the above non-Laplacean examples. First, and perhaps most obvious, the unpredictability of Mercury's dynamics is not a result of some unknown externally caused force, but arises internal to the dynamics of the system itself. Contrary to Laplace's predictability assumption, although all the forces are locally generated, the parameters of motion may be defined arbitrarily accurately, the dynamics are not determined to arbitrary accuracy. For any degree of accuracy in the observed initial conditions, there will be other arbitrarily more accurate measurements that will give highly divergent predictions for the long-term outcome (i.e., one prediction may be for a 1:1 harmonic, but the other is for a 3:2 harmonic). As long as we keep to conditions near to one of the harmonics, as Laplace did in his studies of stability, then we can predict and explain the dynamics. But if we go outside of this range, the Laplacean methods break down. Laplace chose stable systems, and then explained their predictability and stability precisely in terms of the implicitly chosen conditions that guaranteed their stability. There is nothing wrong with this as long as we don't take it as an explanation of the stability outside of those bounds.
On general principles of dynamics including tidal dissipation, we can argue that an initial nebula with some nonuniformity in density will evolve towards harmonic structures. However, we cannot predict which structures will form, or even if these will be stable over the long run. Predictability fails, but so does locality, since the resonance of the system cannot be predicted precisely. Furthermore, the nonreducibility implied by the failure of predictability means that the nonlocalized property of being in a specific resonance cannot be reduced to a computable consequence of local forces under universal laws. For that matter, neither can the global property of system stability. It appears that these properties are holistic, emergent and nonlocal. Given that the Laplacean paradigm gives us criteria for predictability, reducibility and locality, then there really are holistic, emergent and nonlocal properties in the Solar System. Furthermore, the explanation of the dynamics of the Solar System, as carried out by Laplace, seems to tacitly assume these properties through the very choice of cases that Laplace examined.
Given the dynamics of Mercury, it is worth returning to the explanation of why the Moon always faces the Earth. Recall that the explanation was in terms of the dynamics that would lead the Moon to return to synchronous rotation if it were to deviate by a small amount. This assumes, however, that the Moon is already in synchronous rotation, and this assumption is a part of the explanation. It would not be noteworthy if this condition could itself be explained within a Laplacean paradigm, or even of there were only one harmonic possible. Since 1965, however, this assumption is no longer tenable. The nonlocal and nonreducible property of rotational synchrony enters into its very own explanation at least tacitly, and in a way that cannot be dismissed fully with an exact explanation. What is even more strange is that, tacitly at least, such nonlocal properties entered into Laplace's explanations of the stability of planetary phenomena right from the start. It was only his unfounded faith in his methodological assumptions that kept him from being open to this possibility. That or his ignorance. In any case, Laplace relied on observations of nondiagnosable phenomena in order to apply his method. He could not have applied his method without these observations. Had he tried to apply his method more broadly, say by trying to explain the condition of the Solar System as evolved from some initial nebula, he would have failed.
It is worth reviewing the exact extent of this failure. If we can come up with a suitable dynamics for a system, then we can obtain incremental predictability: For any point on a trajectory at time t 1 and any j (representing an index determining a degree of accuracy), that point can be calculated to within radius ε 1,j if the initial conditions are localized within ε 0,j . We cannot, however, extend this without more accurate observations to later times. Nor can we extend the result to all times with any obtainable observations. Furthermore, the sensitivity to initial conditions undermines the assumption that distant causes have negligible effects, since minor deviations can upset even predictions based on highly accurate observations. Locality in the Laplacean sense is not strictly undermined by this, but the ability to consider systems in isolation is. In practice, though, the limitations on predictability also undermine the locality assumption, and both must be surrendered in the methodology. It is worth noting that downward reducibility requires not just that some sequence of higher-level phenomena be deducible from the lower level, but that all of the higher phenomena are derivable. This is sort of predictability, unlike incremental predictability, does fail, for much the same reasons as why the property of stability in the long run cannot be predicted. Determinism, on the other hand, is not affected by the existence of nondiagnosable phenomena, since it is permitted even by a demon that cannot be humanly approximated.
It is worth looking a bit more deeply into the exact causes of the failure of localizability in the case the explanation of Mercury's resonance. The phenomenon of capture into a specific resonant attractor depends on dissipation. If we imagine no dissipation, then the behaviour of Mercury might be chaotic, but it will not settle into a particular resonance. On the other hand, a conservative but chaotic orbit can be approximated for a given time period along the lines of incremental predictability that I just outlined. As the complexity and time increase, the calculations become more and more intractable, but there is no problem in principle, since for a conservative system it is possible in principle to separate the dynamical information in the location parameters from the dynamical information in the motion parameters. This is the logical basis for the adequacy of the Hamiltonian formulation of Newtonian mechanics. Although some conservative systems, like a three or more body gravitating system can show chaotic behaviour, and the stability problem is not analytically solvable for all times, numerical approximations to any degree of accuracy are possible in principle, so such systems fit the Laplacean paradigm.
Similarly, dissipative systems that are near to resonances, or for relatively short time spans, can be treated as approximately Hamiltonian. This is more or less how the explanation of the stability of the Moon's resonance with the Earth goes. In dissipative systems, however, the generalized forces interact with the flows so that the information in the location motion parameters is not independent. Think, for example, of water flowing down a pipe: the faster it flows, the more the resistance from the pipe, and then from turbulence within the water itself. If the rate of the interactions between the location and motion parameters is of the same order as the natural periods of the processes of interest, then the Hamiltonian approximation will fail. This happens especially in the case of resonant capture, like that of Mercury, since the time period of the capture must be of the same order as the rate of dissipation of the energy that would allow Mercury to escape capture.
Although there are many purely physical dissipative systems that are similar to Mercury's resonance in having properties with periods on the same order as dissipation rates, such systems are typical in biology. Consequently, we should expect to find many aspects of biology in which Laplacean localizability is impossible, and reduction and full predictability cannot even be approximated. On the other hand, there are many aspects of biological systems, such as homoeostasis and local aspects of metabolism for which a satisfactory explanation of the condition can be given in terms of variational principles that are quasi-Hamiltonian. If we turn to the growth and development of such systems, though, dissipation cannot be approximated as a small force, and Hamiltonian methods are more limited, if they can be applied at all. In this sort of case, it is reasonable to turn to holistic explanations in terms of the emergence of new kinds of levels or organization, and of new properties. In this case, the explanation is not merely a placeholder for some more complete reductive explanation, but it is an explanation that a reductive explanation is impossible, because the properties to be explained are not of the sort to allow complete reductive explanation.
Conclusions
A number of central methodological assumptions of contemporary science: reducibility, predictability and isolatability, which rule out emergence, holism and nonlocality, have their origin in the success of the Laplacean paradigm. This paradigm, however, has limitations even in its own domain, and two of its central assumptions are false. Ironically, many of Laplace's own explanations rely implicitly and essentially on properties that are not reducible, predictable or localizable. The rejection of objects and properties that are emergent, holistic and nonlocal, which is a mainstay of reductive method, would make many applications of this very method impossible. I conclude that such objects not only can play a role in acceptable explanations, but they do, and have done for some time.
The demon as a limit
The human mind offers in the perfection which it has been able to give to astronomy, a modest example of such an intelligence (Laplace, Celestial Mechanics) 
Locality
... I have sought to establish that the phenomena of nature can be reduced in the last analysis to actions at a distance between molecule and molecule, and that the consideration of these actions must serve as the basis of the mathematical theory of these phenomena. (Laplace, quoted in O'Connor and Robertson 1999) [A]ll events, even those which on account of their insignificance do not seem to follow the great laws of nature, are a result of it just as necessarily as the revolutions of the sun. (Laplace, Philosophical Essays on Probabilities) [the system] "is disturbed by various causes that can be ascertained by careful analysis but which are impossible to frame within a calculation." (Laplace Oeuvres, VII, 121) 
Incremental Predictability
For any point on a trajectory at time t 1 and any j (representing an index determining a degree of accuracy), that point can be calculated to within radius ε 1,j if the initial conditions are localized within ε 0,j .
Non-holonomic constraint
A constraint on a mechanical system which can only be described in a mathematical expression including rate of change. In other words, the constraint equation cannot be integrated to become a strictly algebraic expression and therefore the constraint itself is not strictly geometric. Example -rolling coin, rolling manipulation using robots.
